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Introduction {#sec001}
============

Foot-and-mouth disease virus (FMDV), Bluetongue virus (BTV), Vesicular stomatitis Virus (VSV), Bovine viral diarrheal virus (BVDV), Bovine rotavirus (BRV), and Bovine herpesvirus 1 (IBRV) are common cattle infectious viruses \[[@pone.0171287.ref001],[@pone.0171287.ref002]\]. It was reported recently that these infectious diseases increased the beef cattle mortality to 5% and lead to economic losses estimated at \$200 billion during 2015 in China \[[@pone.0171287.ref003]\]. These viral diseases in cattle exhibit similar clinical symptoms and are difficult to differentiate from each other. FMDV, VSV, BTV, BVDV and IBRV infections display skin lesions of various degrees, including vesicular lesions, erythema, skin cracking, and necrosis on the mouth, feet, noses, cunnus and teats etc \[[@pone.0171287.ref004]--[@pone.0171287.ref010]\]. Moreover, FMDV, VSV, and BTV are listed on The World Organization for Animal Health (OIE) Terrestrial Animal Health Code and countries are obligated to report these diseases to OIE \[[@pone.0171287.ref011]\]. Bovine rotavirus infection in young cattle less than 6 months old may not show typical symptoms as of BVDV. Both BRV and BVDV are frequently exhibits acute watery diarrhea and emaciation \[[@pone.0171287.ref012],[@pone.0171287.ref013]\]. Therefore, it is important to diagnose and differentiate these infectious viruses accurately for the rapid control and prevention strategies \[[@pone.0171287.ref014]\].

Currently, OIE recommends antigen capture ELISA, virus isolation, and PCR, including real-time PCR, for the laboratory diagnosis of these viruses (<http://www.oie.int/>). However, PCR with low sensitivity and real-time PCR with limited plexity. The GenomeLab Gene Expression Profiler (GeXP) analyzer is a multiplex gene expression analysis platform that integrates PCR with capillary electrophoresis separation based on the size of the amplified products, and was designed to allow for the high-throughput, robust and differential assessment of multiplexed expression profile of up to 30 genes in one tube \[[@pone.0171287.ref015]--[@pone.0171287.ref018]\]. GeXP multiplex PCR assay has been successfully used for the rapid identification and differentiation of several animal infectious diseases \[[@pone.0171287.ref019]--[@pone.0171287.ref023]\]. In this study, a GeXP analyzer-based multiplex PCR assay was developed for the specific detection of six cattle infectious viruses: FMDV, BTV, VSV, BVDV, BRV and IBRV so that the assay can be applied for rapid differential diagnosis of these viral agents from clinical samples to adopt preventive and control measures against the cattle infectious diseases.

Materials and methods {#sec002}
=====================

Ethical statement {#sec003}
-----------------

This study was approved by the Institutional Animal Care and Use Committee (IACUC) of Guangxi Veterinary Research Institution (GVRI). Sample collections were conducted based on the protocol \#2012C101 issued by IACUC of GVRI. Farm owners agreed the consent regarding to sample collection in a written format. Well-trained veterinarians collected samples from calves in approval farms.

Pathogens and DNA/RNA extraction {#sec004}
--------------------------------

The pathogens used in this study were listed in [Table 1](#pone.0171287.t001){ref-type="table"}. The genomic DNA of bacteria and mycoplasma strains were extracted from culture by using MiniBEST Universal Genomic DNA Extraction Kit (TaKaRa, Dalian, China) according to the manufacturer's protocol. Each virus's genomic RNA was extracted from 200 μL of virus suspension or clinical samples using MiniBEST Universal RNA Extraction Kit (TaKaRa, Dalian, China) according to the manual. The extracted DNA/RNA were eluted in 30 μL of distilled water. The RNA was synthesized to cDNA via reverse transcription using the PrimerScriptTM cDNA Synthesis Kit (TaKaRa, Dalian, China) with random primers (Nona-deoxyribonucleotide mixture) according to the manual, then quantified at 260 nm using a Nano Drop 2000 (Thermo Fisher Scientific, Waltham, USA). All the DNA/RNA were stored at -70°C until used.

10.1371/journal.pone.0171287.t001

###### Pathogens used and GeXP assay results.

![](pone.0171287.t001){#pone.0171287.t001g}

  Pathogen                                    Source   GeXP Results                       
  ------------------------------------------- -------- -------------- ---- ---- ---- ---- ----
  FMDV                                                                                    
  FMDV serotype A inactivated virus           YNCIQ    \+             \-   \-   \-   \-   \-
  FMDV serotype O inactivated virus           YNCIQ    \+             \-   \-   \-   \-   \-
  FMDV serotype AsiaIinactivated virus        YNCIQ    \+             \-   \-   \-   \-   \-
  FMDV serotype A inactivated vaccine         LVRI     \+             \-   \-   \-   \-   \-
  FMDV serotype O inactivated vaccine         LVRI     \+             \-   \-   \-   \-   \-
  FMDV serotype AsiaI inactivated vaccine     LVRI     \+             \-   \-   \-   \-   \-
  BTV                                                                                     
  BTV serotype 4 inactivated virus            YNCIQ    \-             \+   \-   \-   \-   \-
  BTV serotype8 inactivated virus             YNCIQ    \-             \+   \-   \-   \-   \-
  BTV serotype 9 inactivated virus            YNCIQ    \-             \+   \-   \-   \-   \-
  BTV serotype 15 inactivated virus           YNCIQ    \-             \+   \-   \-   \-   \-
  BTV serotype 17 inactivated virus           YNCIQ    \-             \+   \-   \-   \-   \-
  BTV serotype 18 inactivated virus           YNCIQ    \-             \+   \-   \-   \-   \-
  VSV                                                                                     
  VSV serotype New Jersey inactivated virus   YNCIQ    \-             \-   \+   \-   \-   \-
  VSV serotype Indiana inactivated virus      YNCIQ    \-             \-   \+   \-   \-   \-
  BVDV                                                                                    
  Oregon CV24 (BVDV-1)                        CVCC     \-             \-   \-   \+   \-   \-
  NADL (BVDV-1)                               CVCC     \-             \-   \-   \+   \-   \-
  AV68 (BVDV-1)                               CVCC     \-             \-   \-   \+   \-   \-
  GX-BVDV1 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV2 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV3 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV4 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV5 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV6 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV7 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV8 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV9 (BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV10 (BVDV-1)                          GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV11 (BVDV-1)                          GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV12(BVDV-1)                           GVRI     \-             \-   \-   \+   \-   \-
  GX-BVDV13 (BVDV-1)                          GVRI     \-             \-   \-   \+   \-   \-
  GX-041 (BVDV-2)                             GVRI     \-             \-   \-   \+   \-   \-
  BRV                                                                                     
  NCDV                                        CVCC     \-             \-   \-   \-   \+   \-
  BRV014                                      CVCC     \-             \-   \-   \-   \+   \-
  GX-BRV1                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV2                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV3                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV4                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV5                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV6                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV7                                     GVRI     \-             \-   \-   \-   \+   \-
  GX-BRV8                                     GVRI     \-             \-   \-   \-   \+   \-
  IBRV                                                                                    
  AV20/Barta Nu/67                            CVCC     \-             \-   \-   \-   \-   \+
  AV21/BK125                                  CVCC     \-             \-   \-   \-   \-   \+
  Reference strain                                                                        
  PPRV inactivated virus                      YNCIQ    \-             \-   \-   \-   \-   \-
  ETEC                                                                                    
  GX-ETEC1                                    GVRI     \-             \-   \-   \-   \-   \-
  GX-ETEC2                                    GVRI     \-             \-   \-   \-   \-   \-
  GX-ETEC3                                    GVRI     \-             \-   \-   \-   \-   \-
  Escherichia coli                                                                        
  C83919/1676                                 CVCC     \-             \-   \-   \-   \-   \-
  C83924/x114/83                              CVCC     \-             \-   \-   \-   \-   \-
  C83922/b41                                  CVCC     \-             \-   \-   \-   \-   \-
  Mycoplasma bovis                                                                        
  GX/MB1                                      GVRI     \-             \-   \-   \-   \-   \-
  GX/MB2                                      GVRI     \-             \-   \-   \-   \-   \-
  Mycobacterium bovis                                                                     
  GXmt304                                     GVRI     \-             \-   \-   \-   \-   \-
  GXmt397                                     GVRI     \-             \-   \-   \-   \-   \-
  C680001                                     CVCC     \-             \-   \-   \-   \-   \-
  Salmonellosis/GXsal71                       GVRI     \-             \-   \-   \-   \-   \-

GVRI = Guangxi Veterinary Research Institute;

YNCIQ = Yunnan Entry-Exit Inspection and Quarantine Bureau;

LVRI = Lanzhou Veterinary Research Institute;

CVCC = Chinese Veterinary Culture Collection Center.

Primers design {#sec005}
--------------

The GeXP-multiplex PCR assay included six pairs of chimeric primers, and each of chimeric primers consisted of a gene-specific primer for each virus's conserved sequence fused at 5' end to a universal primer. The conserved nucleotide sequences of six cattle infectious disease viruses from GenBank were aligned using MegAlign 7.0 software (DNAStar, USA). Gene-specific primers were designed using the "Primer premier 5.0"(PRMIER Biosoft international, Canada) according to the restrict design rules of GeXP-multiplex PCR primer. A BLAST search program of GenBank website was performed to verify oligonucleotide specificity. All primers were synthesized and HPLC purified by the Invitrogen Inc (Guangzhou, China). The details of the oligonucleotides for primers were listed in [Table 2](#pone.0171287.t002){ref-type="table"}.

10.1371/journal.pone.0171287.t002

###### Primer information.
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  Primer   Forward primer sequence(5'-3')                  Reverse primer sequence(5'-3')                     Amplicon size (bp)   Target region   Primer concentration (μmol/L)
  -------- ----------------------------------------------- -------------------------------------------------- -------------------- --------------- -------------------------------
  BTV      `AGGTGACACTATAGAATA``AGGGTAACTCACAGCAAACTCAA`   `GTACGACTCACTATAGGGA``GAGCAGCCTGTCCATCCC`          136                  VP7             0.2
  FMDV     `AGGTGACACTATAGAATA``GCCGTGGGACCATACAGG`        `GTACGACTCACTATAGGGA``AAGTGATCTGTAGCTTGGAATCTC`    166                  3D              0.2
  IBRV     `AGGTGACACTATAGAATA``GCGTCATTTACAAGGAGAACATC`   `GTACGACTCACTATAGGGA``ATCTCGCCCATGCCCAC`           188                  gB              0.2
  BRV      `AGGTGACACTATAGAATA``CAGTGGCTTCCATTAGAAGCAT`    `GTACGACTCACTATAGGGA``GGTCACATCCTCTCACTA`          211                  VP6             0.2
  VSV      `AGGTGACACTATAGAATA``AAACTACTGGACGGGCTTGA`      `GTACGACTCACTATAGGGA``TGAGATGCCCAAATGTTGC`         278                  N               0.2
  BVDV     `AGGTGACACTATAGAATA``GTGAGTTCGTTGGATGGC`        `GTACGACTCACTATAGGGA``TATGTTTTGTATAAGAGTTCATTTG`   308                  5'-UTR          2

Universal tag sequences were underlined. Chimeric primers were synthesized using universal primers and gene-specific primers.

GeXP-multiplex PCR assay {#sec006}
------------------------

The reaction system was created using the GeXP Start-up Kit (Beckman Coulter, Brea, USA) in a total volume of 20 μL containing 4 μL of Genome LabTM GeXP Start Kit 5 × PCR Buffer (containing 0.25 μM concentration of each universal tag primer: Tag-F: `5’-AGGTGACACTATAGAATA-3’` and Tag-R: `5’-GTACGACTCACTATAGGGA-3’`, the 5' end of forward universal primer was labeled with Cy5 fluorophore), 4 μL of MgCl~2~ (25 μM), 2 μL of mixed primers (the concentration of each primer was listed in [Table 2](#pone.0171287.t002){ref-type="table"}), 10 U JumpStart Taq DNA polymerase (Sigma-Aldrich, USA), and 1 μL of cDNA (0.5 pg\~0.5 ng). Nuclease-free water was then added to the PCR reaction to achieve a final volume of 20 μL.

GeXP-multiplex PCR was performed using the thermal cycler (Thermo, Milford, USA). The optimized GeXP-multiplex PCR amplification condition as followed: 95°C for 3 minutes; 10 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for30 seconds; then 10 cycles of 95°C for 30 seconds, 65°C for 30 seconds and 72°C for 30 seconds; and 20 cycles of 95°C for 30 seconds, 53°C for 30 seconds and 72°C for 30 seconds; held at 4°C for conservation.

PCR product separation and analysis were performed by capillary electrophoresis using GenomeLab GeXP Genetic Analysis System (Beckman Coulter, Brea, USA) following previously described \[[@pone.0171287.ref020]\]. The fluorescently labeled amplicons were separated into distinct peaks on a electropherogram via GeXP high-resolution capillary electrophoresis and then identified by their respective sizes. The peaks were initially analyzed by fragment analysis module of the GeXP system 10.2 software (Beckman Coulter, Brea, USA).

Standards preparation {#sec007}
---------------------

The specific genes of six cattle viruses were amplified by using the primers listed in [Table 2](#pone.0171287.t002){ref-type="table"}. The specific PCR amplicons for each virus were cloned into the pEASY-T1 vector (Transgen Biotech, China) for sequencing. Sequence data were analyzed and blasted in GenBank. The six recombinant plasmids carrying the partial gene from each virus (VP7 gene of BTV, 3D gene of FMDV, gB gene of IBRV, VP6 gene of BRV, N gene of VSV, 5'-UTR of BVDV) were linearized with restriction enzyme *SpeI* (Takara, Dalian, China) and then in vitro transcribed into ssRNA using a T7 RiboMAX^™^ Express Large Scale RNA production system kit (Promega, Madison, WI, USA). The DNA template was removed by digestion with DNase following the transcription reaction, and then removed unincorporated nucleotides by chromatography. The concentration of transcribed ssRNAs were measured at 260 nm using a NanoDrop 2000 (ThermoFisher Scientific, Waltham, USA), and copy number of transcribed ssRNAs were calculate according to previously described \[[@pone.0171287.ref022],[@pone.0171287.ref023]\]. Serial 10-fold dilutions, containing each transcribed ssRNA ranging from 10^8^ copies/μL to 1 copies/μL, were stored at -70°C until used.

Specificity and sensitivity of GeXP-multiplex PCR assay {#sec008}
-------------------------------------------------------

The GeXP-mono PCR assay and GeXP-multiplex PCR assay were used to evaluate its specificity. The GeXP-mono PCR assay was performed using a single template (cDNA extracted from each virus listed in [Table 1](#pone.0171287.t001){ref-type="table"}) along with a primer mixture of six sets of chimeric primers to determine the size of the amplification products for each virus. GeXP-multiplex PCR assay was performed using a mixture template containing cDNA of six viruses and a primer mixture to evaluate its cross-amplification in GeXP-multiplex PCR system. The other references strains of bacterial or viruses commonly found in cattle (listed in [Table 1](#pone.0171287.t001){ref-type="table"}) were tested by the GeXP-multiplex PCR to confirm its specificity.

The sensitivity of the GeXP-mono PCR assay for single target gene was examined by serial 10-fold dilutions of each transcribed ssRNA ranging from 10^8^ to 10^0^ copies/μL. The sensitivity of the GeXP-multiplex PCR assay was also examined by serial 10-fold dilutions of premixed templates, containing same copies of each transcribed ssRNA (FMDV, BTV, VSV, BVDV, BRV, and IBRV), which contained the specific gene sequences of the six cattle infectious viruses. The standards of the mixed template used ranging from 10^8^ to 10^0^ copies/μL were prepared from stock using serial 10-fold dilutions in RNase-free H~2~O and were used as templates to test the sensitivity of the new assay. One μL standard cDNA (0.5 pg\~0.5 ng) was used in the reaction system. Profile of the reaction was described in GeXP-multiplex PCR assay section.

Interference assay {#sec009}
------------------

The presence of other templates in high quantities could suppress the amplification of other low concentration templates and alter the amplification efficiency of GeXP-multiplex PCR. Two artificial samples containing various concentration of transcribed ssRNAs were prepared, mixed and detected by the GeXP-multiplex PCR assay to assess the interference between high concentration and low concentration nucleic acid templates. The results were compared with those of a single-template GeXP-multiplex PCR assay.

Application to field samples {#sec010}
----------------------------

Three hundred and five field samples, including 156 fecal swabs, 30 conjunctival swabs, 30 nasal mucus swabs, 70 blood samples, 2 oesophageal-pharyngeal fluid, 2 vesicular fluid and tissue (10 mucous membranes, 2 vesicular skins, 3 lymph nodes) were collected from the various cattle farms in Guangxi, China during 2012 to 2014. More than three quarters of samples collected from cattle that did not have any typical clinical and pathological symptoms. A quarter of the samples were collected from diseased cattle showing different symptoms of diseases including metal lassitude, rhinorrhea, dysphagia, high fever, oral erosion, blisters and foaming at the mouth. The swab samples were placed into 1 mL sterilized water. Then supernatant was used to extract RNA after centrifugation. The liquid samples were used for the extraction of RNA as described previously. The tissue samples were ground into homogenates for RNA extraction. RNA was reverse-transcribed as described previously. The cDNA were assayed by both the optimized GeXP-multiplex PCR assay and simplex real-time PCR assays using previously published primers \[[@pone.0171287.ref024]--[@pone.0171287.ref029]\]. These simplex real-time PCR assays included five OIE recommended real-time PCR assays for detection of BTV, FMDV, IBRV, VSV, BVDV and one simplex real-time PCR for detection of BRV. All the positive field samples detected by the Gexp-multiplex PCR products were confirmed by DNA sequencing using conventional simplex PCR assays with same primers as the Gexp-multiplex PCR assay (Huada, Guangzhou, China).

Results {#sec011}
=======

Specificity results {#sec012}
-------------------

The cDNA samples from six cattle infectious viruses listed in [Table 1](#pone.0171287.t001){ref-type="table"} were individually used as a template to evaluate the specificity of gene-specific primers. In GeXP-mono PCR assay, each of the corresponding genes from the target viruses was amplified as expected ([Table 1](#pone.0171287.t001){ref-type="table"} and [Fig 1](#pone.0171287.g001){ref-type="fig"}): BTV: 135\~137 bp, FMDV: 165\~167 bp, IBRV: 187\~189 bp, BRV: 211\~213 bp, VSV: 277\~279 bp, BVDV: 308\~310 bp. In GeXP-multiplex PCR assay, six specific amplification peaks generated by each target virus were detected simultaneously ([Fig 2](#pone.0171287.g002){ref-type="fig"}): BTV: 136.23 bp, FMDV: 165.78 bp, IBRV: 188.42 bp, BRV: 212.37 bp, VSV: 278.54 bp, BVDV: 308.86 bp. No cross amplification peak was observed in GeXP-mono PCR assay and GeXP-multiplex PCR assay. The GeXP-multiplex PCR assay specifically amplified six cattle infectious viruses, and exhibits no cross-reactivity with other cattle pathogens ([Table 1](#pone.0171287.t001){ref-type="table"}). The results indicated that GeXP-multiplex PCR has a high specificity to detect six cattle infectious agents without any nonspecific amplification.

![Specificity results of the GeXP-mono PCR assay.\
A-F showed the results of the amplifications of BTV, FMDV, IBRV, BRV, VSV, and BVDV, respectively. The Y-axis indicates the dye signal, and X-axis indicate the PCR product size.](pone.0171287.g001){#pone.0171287.g001}

![Specificity results of the GeXP-multiplex PCR assay with mixed template of six cattle infectious viruses.](pone.0171287.g002){#pone.0171287.g002}

Sensitivity results {#sec013}
-------------------

The detection limit for the Gexp-mono PCR assay for a single target gene was 10 copies/μL of each transcribed ssRNA (data not shown). The sensitivity of the GeXP-multiplex PCR assay was examined using premixed ssRNAs mixtures with adjusted equal copies of each virus. The detection limit of the GeXP-multiplex PCR assay was 100 copies/μL when all of six premixed ssRNAs containing target genes of 6 cattle viruses were tested ([Fig 3](#pone.0171287.g003){ref-type="fig"}). Each tests were repeated three times at each template concentration and similar results were obtained. Typically the cut-off CT value for positive and negative results was determined as 2000 A.U. value (absorbance unite) by default. The results indicated that the GeXP-multiplex PCR assay has a good sensitivity to detect six cattle infectious viruses at the same time.

![Sensitivity results of GeXP-multiplex PCR assay.\
GeXP-multiplex PCR assay was performed using serial 10-fold dilutions of premixed transcribed ssRNAs containing specific gene sequences of the 6 cattle viruses. A-D showed the results of equal amounts of template: 10^5^, 10^4^, 10^3^, 10^2^ copies per reactions in the GeXP-multiplex PCR assay. The viruses targets form left to right were as follow: BTV, FMDV, IBRV, BRV, VSV and BVDV.](pone.0171287.g003){#pone.0171287.g003}

Interference results {#sec014}
--------------------

Two artificial samples: sample A:FMDV (10^6^ copies/μL) + IBRV (10^3^ copies/μL) + BRV (10^3^ copies/μL) + VSV (10^8^ copies/μL), sample B: BTV (10^7^ copies/μL) + IBRV (10^3^ copies/μL) + BRV (10^3^ copies/μL) + BVDV (10^5^ copies/μL), were prepared and tested by GeXP-multiplex PCR assay. The corresponding amplification peaks were observed in electrophoretogram ([Fig 4](#pone.0171287.g004){ref-type="fig"}). Additionally, the peaks of A.U. values of a simple template were similar to that of mixed templates ([Table 3](#pone.0171287.t003){ref-type="table"}). Although there were some systematic deviations in the A.U. values, when comparing the mixed template with the single template, it did not affect the detection level. No differences in amplification efficiency were observed between the simple template and mixed template formats. The results suggest that variable viral concentration did not result in significant differences in amplification performance.

![Interference results of GeXP-multiplex PCR assay.\
GeXP-multiplex PCR was carried out with the following artificial mixture samples: sample A: FMDV (10^6^ copies/μL) + IBRV (10^3^ copies/μL) + BRV (10^3^ copies/μL) + VSV (10^8^ copies/μL), sample B: BTV (10^7^ copies/μL) + IBRV (10^3^ copies/μL) + BRV (10^3^ copies/μL) + BVDV (10^5^copies/μL).](pone.0171287.g004){#pone.0171287.g004}

10.1371/journal.pone.0171287.t003

###### Results of comparing the artificial mixed template with the single template by GeXP-multiplex PCR assay.
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  Template                 A.U. value of GeXP-multiplex PCR assay                                       
  ------------------------ ---------------------------------------- -------- -------- -------- -------- --------
  Sample A                                                          165.58   188.35   212.66   278.91   
  FMDV (10^6^ copies/μL)                                            165.07                              
  IBRV (10^3^ copies/μL)                                                     188.24                     
  BRV (10^3^ copies/μL)                                                               212.15            
  VSV (10^8^ copies/μL)                                                                        278.59   
  Sample B                 135.88                                            188.19   212.56            309.42
  BTV (10^7^ copies/μL)    135.93                                                                       
  IBRV (10^3^ copies/μL)                                                     188.75                     
  BRV (10^3^ copies/μL)                                                               212.21            
  BVDV (10^5^ copies/μL)                                                                                309.57

Detection in field samples {#sec015}
--------------------------

A total of 305 clinical samples were tested by the optimized GeXP-multiplex PCR assay and simplex real-time PCR assay to assess the reliability for the rapid detection of clinical samples. The positive and negative results obtained with the two different methods are shown in [Table 4](#pone.0171287.t004){ref-type="table"} and [S1 Table](#pone.0171287.s001){ref-type="supplementary-material"}. The detection rates for each virus were 10.5% (BTV), 2.0% (FMDV), 1.3% (IBRV), 2.6% (BRV), 0 (VSV), 13.4% (BVDV), respectively. The results of the GeXP-multiplex PCR assay has 100% agreement with simplex real-time PCR assays without any inconsistent results. Moreover, all positive samples in the GeXP-multiplex PCR and simplex real-time PCR were confirmed via sequencing to rule out false positive samples. This GeXP-multiplex PCR assay could detect and differentiate the six cattle viruses.

10.1371/journal.pone.0171287.t004

###### Analysis of clinical samples using GeXP-multiplex PCR assay and simplex real-time PCR methods.
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  Background of clinical samples                 Clinical sample                Number     Positive results (GeXP-multiplex PCR / simplex real-time PCR /sequencing)                                       
  ---------------------------------------------- ------------------------------ ---------- --------------------------------------------------------------------------- ------- -------- ------- ---------- ----------
  cattle without any morbid symptoms and signs   fecal swab                     141                                                                                                     3/3/3              18/18/18
  blood sample                                   70                             32/32/32                                                                                                                   
  conjunctival swab                              30                                                                                                                                                        
  nasal mucus swab                               22                                                                                                                                                        
  Cattle showed typical symptoms of disease      oesophageal-pharyngeal fluid   2                                                                                      2/2/2                               
  vesicular skins                                2                                         2/2/2                                                                                                           
  vesicular fluid                                2                                         2/2/2                                                                                                           
  mucous membrane                                10                                                                                                                                             10/10/10   
  Fecal sample                                   15                                                                                                                            5/5/5/           10/10/10   
  lymph node                                     3                                                                                                                                              3/3/3      
  nasal mucus swab                               8                                                                                                                     4/4/4                               

^a^ Confirmed by OIE recommended real-time PCR detection of BTV, FMDV, IBRV, VSV, BVDV\[[@pone.0171287.ref024]--[@pone.0171287.ref028]\].

^b^ Confirmed by simplex real-time PCR detection of BRV\[[@pone.0171287.ref029]\].

Discussion {#sec016}
==========

FMDV, BTV, VSV, BVDV, BRV, and IBRV are the six main cattle infectious viruses with a high infection rate and prevalent worldwide. Several global outbreaks have occurred in history, resulting in severe economic loss of stockbreeding and damage to international trade of animal products \[[@pone.0171287.ref014]\]. These diseases are potential threat to cattle industry. Therefore, a rapid, high-throughput and effective detection and differentiation technique is needed for the clinical diagnosis of these cattle viruses.

Although multiplex conventional PCR and multiplex fluorescence real-time quantitative PCR have been used for the detection of multiple viruses, they are limited by their high interference and fail to detect multiple target genes in one tube \[[@pone.0171287.ref030]--[@pone.0171287.ref032]\]. The GenomeLab Gene Expression Profiler (GeXP) analyzer is a novel multi-target, high-throughput detection technique that is capable of differentially assessing the expression profile of up to 30 genes in one tube based on analysis of amplicons size by capillary electrophoresis. The analytical procedure includes modified reverse transcription and PCR amplification, followed by capillary electrophoretic separation. Two-stage amplification using fluorescent dye-labeled universal tag primers reduces the interference among the primers, and inferior amplification and non-specific reaction. The GeXP-multiplex PCR assay has highly specificity and sensitivity. By far, the GeXP-multiplex PCR assay has been widely used in veterinary diagnostics and medical examination \[[@pone.0171287.ref019]--[@pone.0171287.ref023]\]. For example: simultaneous detection of sixteen human respiratory virus types/subtypes, 11 human papilloma viruses, nine serotypes of enteroviruses associated with hand, foot, and mouth disease, influenza A H1N1 virus has been reported \[[@pone.0171287.ref033]--[@pone.0171287.ref036]\]. Therefore, high-throughput detection and accurate identification of multiple viruses can be achieved by using this technique in large numbers of samples with limited amounts of starting material.

In this study, we have successfully established a GeXP-multiplex PCR assays that can simultaneously identify the FMDV, BTV, VSV, BVDV, BRV, and IBRV in a single reaction. The optimal detection limit of GeXP-multiplex PCR assay was 100 copies/μL when all of six premixed transcribed ssRNAs containing target genes of 6 bovine viruses. In detection of 305 clinical samples, the results of GeXP-multiplex PCR were consistent with that of simplex real-time PCR recommended by OIE. The subsequent analysis of positive samples by sequencing demonstrated that the GeXP-multiplex PCR assay had no false positive samples of non-specific amplification. Although two hundred sixty three samples were collected from cattle without any morbid symptoms and signs, 32 blood samples were positive for BTV, 3 fecal swabs were positive for BRV, and 18 fecal swabs were positive for BVDV by GeXP-multiplex PCR detection. This necessitates the epidemiological surveillance for BTV, BRV and BVDV in clinically normal cattle. Accurate diagnosis of BVDV positive cattle and timely elimination of them can be incorporated in the disease control of cattle herds programs to purify herd.

In practice, it only needs one single RNA extraction, one PCR, and one capillary electrophoresis, which will obtain detection results of six cattle viruses. Single capillary electrophoresis can analyze 96 samples at a time. This high-throughput advantage can meet the demand for a large scale of epidemiological investigation.

Conclusion {#sec017}
==========

The GeXP-multiplex PCR assay described in the present study will provide a high throughput diagnostic method with high specificity and sensitivity for the simultaneous identification of the six very important cattle viruses. GeXP-multiplex PCR assay may therefore be adopted for the molecular epidemiologic surveillance of cattle infectious diseases for designing effective disease-control programs.

Supporting information {#sec018}
======================

###### Field samples detected by GeXP-multiplex PCR assay.

(PDF)
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